An efficient synthesis of norbornene annulated cyclopentenones 5 and 18 starting from readily available tricyclodecadienone carboxylic acid 2a is described. decadi-2(6),8-ene 5, an hitherto unknown compound, has been obtained in good yield by subjecting bromide 7b to base induced elimination or by oxidative deselenylation of 7c. 5-Substituted analogues 18 are conveniently obtained from phenylselenide 3c by stereoselective conjugate cuprate addition followed by oxidative elimination of the seleno group. Dehydrobromination of epoxy bromide 21 affords norbornene-annulated cyclopentadienone 22 which immediately undergoes stereoselective 1,4-addition at the strained C2-C 6 enone moiety to give 23. These novel norbornene annulated cyclopentenones can be considered as the synthetic equivalent of 2-cyclopentynones. 5118 J. ZHU et al. norbornene-annulated cyclopentadienone 4 as a transient intermediate in nearly quantitative yield.
Introduction
The tricyclo [5. 2.1.02,6]decadienone system 1 constitutes a versatile synthetic equivalent of cyclopentadienone 1,2. Its rigid structure, the presence of a reactive ct,[~-enone system and the ability of the tricyclic skeleton to undergo [4+2]-cycloreversion are instrumental in the synthesis of a variety of functionalized cyclopentenones with defined stereochemistry and chirality 1,2. The endo-tricyclodecadienone system, racemic as well as enantiopure, is conveniently accessible via carboxylic acid 2a, which in turn is readily available from the Diels-Alder adduct of benzoquinone and cyclopentadiene 3. In the preceding paper, the synthesis of a series of 6-substituted tricyclodecadienones 3_ starting from 2a employing Barton's radical chain decarboxylation methodology is described 4. Bromodecarboxylation of 2_aa appeared to be particularly suitable for a high yield synthesis of bridgehead bromide 3._aa. Dehydrobromination of 3_aa using selected basic conditions is an efficient process to give elusive from sulfone 7_aa.
The bromodecarboxylation of tricyclic acid 1_!1 which is readily available by lithium aluminum hydride reduction of tricyclic ester 2__bb (R=C2H5) li'7 and subsequent basic hydrolysis, was accomplished using essentially the same procedure as reported for the transformation of carboxylic acid 2a into enone bromide 3_aa. Conversion of 1_! into the corresponding acid chloride with oxalyl chloride, followed by treatment with the sodium salt of N-hydroxypyridine-2-thione afforded the N-acyloxypyridine-2-thione ester 12 which was immediately exposed to bromotrichloromethane at reflux temperature to give 6-bromo compound 7b in an excellent overall yield of 91% (Scheme 2). Phenylselenyldecarboxylation of 1_! also proceeded smoothly with diphenyl selenide in toluene as the radical trapping agent. 6-Phenylselenyltricyclodecadienone 7e was obtained in 84% yield as a nice crystalline material.
6-Bromotricyclodecenone 7b showed similar reactivity towards triethylamine in methanol (1:4) as did as tricyclodecadienone bromide 3a. At room temperature hardly any elimination of bromide was observed whereas at reflux temperature the reaction was complete within 30 minutes, Capillary gas chromatography revealed the formation of three products in a ratio 12:4:1, which, on basis of their 1HNMR-spectra were identified as the desired enone _5, and endoand exo-tricyclodecadienone 1 (R=H) and 1__33, respectively (Scheme 3). Pure 5_ was readily obtained in 60% yield by flash chromatography over a series of 1,5 proton shifts eventually forms either endo-14 or exo-14. Subsequent stereospecific protonation of these enolates at C 2 then leads to observed mixture of endo-and exo-tricyclodecadienones O and 13). The occurrence of such a base catalyzed process was conveniently demonstrated by treating _5 under identical conditions as applied by Kienzle and Minder 5 using diazabicyclo [5.4 .0]undecene (DBU) in tetrahydrofuran. After stirring for 3 days quantitative conversion of_5 into a mixture of endo-l_ and exo-13 in a ratio of 8:3 was observed. This result not only explains the failure of the Swiss group to isolate _5 but also shows that the choice of the base used in the preparation of -5 is crucial. The thermodynamic bias which is the reason for the rapid base induced isomerization of _5 was substantiated by both force field (MM2) and semi-empirical (AM 1) calculations 8 (Table 1) . After the successful synthesis of tricyclic enone _5 using the non-nucleophilic base triethylamine, the question arose whether a more nucleophilic base system, such as potassium hydroxide in methanol could be used for the preparation of 6-methoxy-endo-tricyclodecenone 7d. At room temperature bromide 7b rapidly reacted with this reagent to give 7d in 90% yield (Scheme 5) li'7. NO enone _5 was detected in the product mixture. The formation of 7d is clearly the result of rapid conjugate addition of methoxide to relatively strained C2-C 6 enone moiety of initially formed -5. This result already indicates the high reactivity of this central enone system in -5 toward nucleophiles. Interestingly, no tricyclodecadienones 1 and 13 were observed showing that nucleophilic addition to -5 is much more rapid than the enolization shown in Scheme 4.
The oxidative deselenylation is a syn-elimination reaction which generally proceeds at moderate Nal O 4, MeOH/ H20 II,, 75% 0
7_e.e _s 13 were detected in the reaction mixture, confirming that base is needed for the isomerization of 5_ to these compounds.
It should be possible to extend the scope of the above methodology to the synthesis of derivatives of 5. One way to do so would be to use the enone system in either carboxylic acid 2__~a or 6-substituted tricyclodecadienones 3_ as a handle for derivatization. After the desired enone transformation, elimination of an appropriate leaving group at C 6 would then give the desired C2-C 6 enone moiety.
Tricyclic phenylselenide 3c was selected to verify this approach as this compound is readily available in high yield from acid 2._aa 4 (Scheme 7). In view of the previous experiences with conjugate The addition of dimethyl-and di-n-butylcuprate to 3e proceeded smoothly and in both cases afforded a single addition product in excellent yield. Based on their spectral data which will be discussed below, structures 15__aa and 15b were assigned to these addition products (Scheme 7). Increasing the steric bulk of the nucleophile by using di-t-butylcuprate led again to a single addition product viz. 15c in a modest yield which is most likely due to the instability of the cuprate reagent. Subjecting 3_e to diphenylcuprate gave again a single 1A-addition product, 15d, and also a small amount of the 1,2-addition product.
The gross structures of the products 15a-d were all deduced from their mass, IR, and NMR data.
However, the unequivocal assignment of the configuration (endo or exo) of the newly introduced substitutent at C 5 in 15 required a more detailed ~H-NMR analysis. Comparison of the ~H-NMR spectra of structures 15a-d with related tricyclodecenones viz. L6 and 17_7 ~° revealed unambiguously the stereochemistry at C 5 in 15 ( Table 2 ). All tricyclodecenones 1-6 and 17 having C 5 endo-protons exhibit proton signals at a considerably higher field (lower shift value) than the C 5 exo-protons in the related structures. This phenomenon is the result of effective shielding of the endo-C 5 protons by the C8-C 9 double bond. The observation that for 15a-d the C 5 protons are found at relatively lower field (higher shift value) proves their endo-stereochemistry (endo-R). Additional evidence for the correctness of this assignment is derived from the strong shielding effect exhibited by the C 5 endo-phenyl group on the C 8 and C 9 olefinic A novel class of tricyclodecadienones 5123 protons in 17___f and 15___ri d. In 17__ee which contains an Cs-exo-phenyl substituent these olefinic protons absorb at considerably lower field (higher shift value). At a later stage of this project definite proof of the correctness of this ~HNMR analysis was obtained from an X-ray diffraction analysis of 15a the result of which is depicted in figure 111 .
The complete endo-selectivity in combination with the high yields and relatively fast reaction rates observed for the cuprate addition to 3_.g is quite surprising as the endo-face of the endo-tricyclodecadienone system is severely hindered by the C8-C 9 ethene bridge which generally results in predominant exo-addition. It is evident that the bulky phenylselenyl group at C 6 may severely hinder or even block conjugate addition from the exo-face of 3e but this should at least be reflected in lower reaction rates and lower yields. Detailed studies to uncover the true nature of this cuprate addition to 3e are currently underway and will be reported in due course. From a synthetic point of view this directing effect of the phenylselenyl group is highly rewarding.
The oxidative deselenation of 1_55 was carried out as described above for the synthesis of _5 from 7£.
By stirring 15a-d with sodium periodate in methanol a smooth elimination was observed in all cases to afford the corresponding tricyclodecadienones 18a-d in yields of ca. 80% (Scheme 8).
Scheme 8
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The successful synthesis of norbornene-annulated cyclopentenones _5 and 18 was a reason to consider this methodology for the preparation of norbornene-annulated cyclopentenone epoxide 22 (Scheme 9).
Cyclopentenone epoxide 22 is a fascinating compound for which an unusual chemical reactivity is expected on basis of the unique combination of an epoxide ring, a vinyl system and a ketone function within in a compact, small ring system. In recent papers, a first general synthesis of some simply substituted cyclopentadienone epoxides and their reactions with nucleophilic reagents was reported 12. The synthetic potential of these epoxides for natural product synthesis was demonstrated by the preparation of epi-pentenomycinl f,]3.
A direct route to 22 would be the regioselective epoxidation of the enone moiety in tricyclic bromide 3a to give epoxy bromide 21 followed by dehydrobromination. However, attempts to obtain 21 by alkaline epoxidation of tricyclic bromide 3a using standard methods did not give satisfactory results. Epoxide 2_1_1
was obtained in only 40% yield due to the base sensitivity of bromide 3_~a. As oxidation of selenium by hydrogen peroxide is a fast process we did not try such an epoxidation for 3c.
An alternative route to epoxy bromide 21 starts from tricyclic epoxide ester 19 which is produced from ester 2b in more than 90% yield by alkaline epoxidation la,g (Scheme 9). Basic hydrolysis using sodium hydroxide in methanol afforded epoxy acid 20 in quantitative yield. Barton halodecarboxylation of 20 using essentially the same procedure as described earlier for the synthesis of 7__bb, gave 21 in 84% yield.
Applying triethylamine as the base to effect dehydrobromination of 2_11 under a variety of conditions led only to complex mixtures. No cyclopentadienone epoxide 22 was detected among the products. When a more nucleophilic reagent was applied, such as potassium hydroxide in methanol, a methoxy substituted epoxide was isolated in 71% yield. Again there were no indications of the presence of 22 in the reaction mixture showing that this annulated cyclopentadienone epoxide is apparently too reactive to be isolated under these nucleophilic conditions 14. Analysis of the 1HNMR spectra suggested structure 23 for the newly formed epoxy ketone. The formation of this endo-6-methoxy-exo-tricyclodecenone epoxide from exo-6-bromo-endo-tricyclodecenone epoxide 21 proves the intermediacy of norbornene-annulated cyclopentenone epoxide 2_22 which under the reaction conditions rapidly undergoes stereospecific conjugate addition of methanol at its endo-face. In the preceding paper, it was reported that methanol addition to norbornene annulated cyclopentadienone _4 is also a stereospecific process to give exclusively exo-6-methoxy-endo-tricyclodecenone 24 Unambiguous proof for the correctness of structure 23 was obtained from the alkaline epoxidation of 24__ 4 which gave exo-6-methoxy-endo-tricyclodecadienone epoxide 2_55 in almost quantitative yield (Scheme 10). This epoxide, which structure was unequivocally established by comparison of its :HNMR-data with those of tricyclic exo-epoxides 19, 20 and 21 15, was not identical with tricyclic epoxide 23.
The results described above indicate that the synthesis of norbornene annulated cyclopentenones including parent tricyclodeca-2(6),8-dien-3-one 5_ can be accomplished starting from readily available carboxylic acid 2__~a.
Experimental

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H and 13C-NMR spectra were recorded on a Bruker AM-400 spectrophotometer, using TMS as an internal standard. For mass spectra a double focussing VG 7070E mass spectrometer was used. Capillary GC analyses were performed using a
Hewlett-Packard 5890A gas chromatograph, containing a cross-linked methyl silicone column (25m). 
Rearrangement of 5 to 1 and 13
A solution of 5_ (30 mg) in THF (1 ml) was treated with DBU (5 drops) and stirred at room temp, for 3 days. The reaction mixture was poured into ether (50 ml) and washed with brine. Drying (NaSO4) and concentration gave a product mixture (30 mg). GC (comparison with known compounds 1 and 1_33) showed that starting material 5_ had disappeared and rearranged quantitatively to a mixture of ! and 13 in a 8:3
ratio. Further evidence for the formation of 1 and 13 was obtained from 1H-NMR and GC-MS analyses.
General procedure A for cuprate addition to 3c:
A solution of RLi (ca. 1.5 mmol) in hexane was gradually added to a suspension of dry CuI (200 mg, 1 mmol) in dry ether at temp. below 0 °C (ice-salt) in a nitrogen atmosphere. After stirring for 15 rain. at this temp., the mixture was cooled to -78 °C. A solution of 3c (0.5 mmol) in ether was then added. The mixture was stirred at -78 °C until the reaction was complete according to TLC (ca. 30 min.), then quenched with aqueous ammonium chloride and the aqueous phase extracted with ether (3x). The combined organic phases were washed with water (3x), dried (Na2SO4) and the solvent evaporated under reduced pressure. Analytical samples were obtained by flash chromatography and/or crystallization. General procedure B for the synthesis of 18 by oxidative elimination of 15 A solution of l__fi5 (100 rag, 0.3 mmol) in methanol (5 ml) was treated with a solution of sodium periodate (100 mg, 0.5 mmol in 1 ml water) at ca. 5 °C (ice water) with stirring. After 20 min., the solid was filtered and washed with ethyl acetate. The combined organic phases were evaporated and purified by chromatography. 
